Randomized trials of medications for alcohol dependence (AD) often report no differences between active medications. Few studies in AD have tested hypotheses regarding which medication will work best for which patients (ie, precision medicine). The PREDICT study tested acamprosate and naltrexone vs placebo in 426 randomly assigned AD patients in a 3-month treatment. PREDICT proposed individuals whose drinking was driven by positive reinforcement (ie, reward drinkers) would have a better treatment response to naltrexone, whereas individuals whose drinking was driven by negative reinforcement (ie, relief drinkers) would have a better treatment response to acamprosate. The goal of the current analysis was to test this precision medicine hypothesis of the PREDICT study via analyses of subgroups. Results indicated that four phenotypes could be derived using the Inventory of Drinking Situations, a 30-item self-report questionnaire. These were high reward/high relief, high reward/low relief, low reward/high relief, and low reward/low relief phenotypes. Construct validation analyses provided strong support for the validity of these phenotypes. The subgroup of individuals who were predominantly reward drinkers and received naltrexone vs placebo had an 83% reduction in the likelihood of any heavy drinking (large effect size). Cutoff analyses were done for clinical applicability: individuals are reward drinkers and respond to naltrexone if their reward score was higher than their relief score AND their reward score was between 12 and 31. Using naltrexone with individuals who are predominantly reward drinkers produces significantly higher effect sizes than prescribing the medication to a more heterogeneous sample.
INTRODUCTION
Alcohol dependence (AD) creates enormous suffering (World Health Organization, 2009 ), yet the effect sizes for behavioral interventions and pharmacotherapies targeting AD are small to medium (van den Brink et al, 2013; Jonas et al, 2014; Magill and Ray, 2009; O'Malley et al, 1996) . There are also several negative trials of AD treatments (Litten et al, 2013) . For example, the PREDICT study , which examined the efficacy of acamprosate and naltrexone vs placebo in reducing heavy drinking among individuals recruited from inpatient AD treatment facilities, found no significant differences among conditions in the primary outcome of no heavy drinking days (success rates: 48.3% acamprosate; 49.1% naltrexone; and 51.8% placebo).
One explanation for the null PREDICT study findings and other negative trials (Jonas et al, 2014) is the heterogeneity of the disorder (Litten et al, 2015) . To advance the field of AD treatment it has been recommended that identifying subtypes of individuals with distinct genetic, neurobiological, or psychological characteristics might confer benefit of one treatment approach over a different treatment approach (ie, precision medicine; Institute of Medicine, 1990; Verheul et al, 1999) .
Consistent with a precision medicine approach, the PREDICT study (Mann et al, 2009 ) was designed to test differential efficacy of naltrexone and acamprosate based on individual differences in neurotransmitter dysfunction associated with chronic AD neuroadaptation (Heilig et al, 2010; Koob and Volkow, 2010; Verheul et al, 1999) . It was hypothesized that individuals with significant alteration of the opioidergic systems and who drink alcohol primarily in the context of positive reinforcement (reward drinkers) would benefit more from naltrexone (Heinz et al, 2003; Verheul et al, 1999) . Individuals with significant glutamatergic dysfunction who primarily drink alcohol in the context of negative reinforcement (relief drinkers) may benefit more from acamprosate (Littleton, 1995; Spanagel and Kiefer, 2008) .
The reward and relief drinking phenotypes are based on several models of addiction (Koob and Volkow, 2010; Spanagel and Weiss, 1999) . For example, according to the Koob and Volkow (2010) addiction cycle, the initial stages of AD (binge/intoxication stage) are primarily maintained through positive reinforcement and seeking euphoria (ie, reward seeking). In later stages, alcohol is primarily consumed to avoid or reduce aversive negative affective states (ie, seeking relief) that may arise from repeated withdrawal (withdrawal/negative affect stage).
Given the prominence of reward and relief drinking tendencies in models of AD, it is important to consider methods by which clinicians could easily identify reward and relief drinking phenotypes. Neuroimaging methods and genotyping have been proposed for detecting phenotypes for precision medicine approaches to AD (Heilig and Leggio, 2016; Litten et al, 2015; Spanagel et al, 2013) . Neuroimaging studies have found reward circuitry engagement in response to alcohol cues (Mann et al, 2014; Schacht et al, 2013) , but studies of relief drinking tendencies have been less conclusive (Hillmer et al, 2015; Sinha and Li, 2007) . With respect to genotyping, there is mixed evidence that individuals with the A118G polymorphism of the OPRM1 gene may have a better treatment response with naltrexone (Kranzler et al, 2013; Oslin et al, 2015; Schacht et al, 2017 ). Yet, an easy to administer self-report measure could become a valuable tool for clinicians to apply precision medicine approaches in practice.
Along these lines, it is necessary to identify construct valid and easy to administer measures of reward and relief drinking. Mixture modeling is one promising analytical method for precision medicine. In an earlier analysis of the PREDICT data, Glöckner-Rist et al (2013) used mixture modeling to examine 10 items from the temptation scale of the Alcohol Abstinence Self-Efficacy Scale (AASE) and found four subgroups: low reward and relief; high reward and relief; high relief and low reward; and high reward and low relief. Roos et al (2017) identified similar subgroups using the AASE and found that relief drinkers had a significantly better treatment response to acamprosate.
Current Paper
The goal of the current paper was to conduct a hypothesisdriven subgroup analysis of the PREDICT study (Clinical Trial Registry: NCT00317031; Mann et al, 2009 ) to examine whether reward vs relief drinking significantly moderated treatment response. Mixture modeling was used to test whether individuals could be classified into different patterns based on reward and relief drinking, and whether patterns of reward and relief drinking predicted differential treatment response to naltrexone and acamprosate. It was hypothesized that individuals with primarily reward drinking tendencies would respond better to naltrexone given its action on the opioidergic systems to reduce the rewarding effects of alcohol, whereas individuals with primarily relief drinking tendencies would respond better to acamprosate given its action on the glutamatergic systems to provide relief from negative affective states and withdrawal symptoms (Koob and Mason, 2016) . Similar to Glöckner-Rist et al (2013) and Roos et al (2017) we anticipated four different patterns of reward and relief drinking: high reward/high relief; high reward/low relief; high relief/low reward; and low reward/ low relief.
MATERIALS AND METHODS

Patients and Procedures
The PREDICT study (Mann et al, 2009 ) was a four-site randomized controlled trial conducted in Germany that tested the efficacy of naltrexone and acamprosate in the treatment of AD. Enrolled participants (n = 426) were randomly assigned to one of three treatment conditions in proportions of 2:2:1: naltrexone (50 mg daily); acamprosate (2 g daily); or placebo. Participants received pharmacotherapy over the course of 12 weeks. In addition, all patients received Medication Management, a manualized counseling approach (Pettinati et al, 2004) . All participants were recruited from inpatient medical detoxification programs of 2-3 weeks' duration and were enrolled in the study upon completion of inpatient medical detoxification. Inclusion criteria included the following: diagnosis of AD; 4-28 days of abstinence before study entry; and consumption of more than 14 drinks (for women, based on 14 g standard drinks = 196 g) or more than 21 drinks (for men, based on 14 g standard drinks = 294 g) per week during a consecutive 30-day period. Exclusion criteria included the following: history of other substance abuse (except nicotine and cannabis); psychiatric disorders requiring medication; and unstable medical conditions. Demographic data for the full sample: mean age = 45.3 (SD = 8.7); male (77%); married (37%); employed (48%); and 12+ years of education (51%).
Measures
Reward and relief drinking tendencies. Reward and relief drinking was measured with a 30-item version of the Inventory of Drinking Situations (IDS; Annis et al, 1987) , a self-report questionnaire that asks participants to rate the frequency (0 = never, 3 = almost always) of heavy drinking in various situations over the past year. Fifteen items measure reward drinking tendencies and 15 items measure relief drinking tendencies (Victorio-Estrada et al, 1996; Appendix).
Alcohol use. Alcohol consumption was measured with the Form 90 (Miller, 1996) . The primary alcohol use outcomes examined in the current analysis were any heavy drinking (ie, 4+/5+ standard drinks for women/men on a given drinking episode) and time to first heavy drinking episode during treatment.
Other covariates. AD severity was measured by the Alcohol Dependence Scale (Skinner and Horn, 1984) . Depressive symptoms were measured with the Beck Depression Inventory-II (Beck et al, 1996) . Anxiety symptoms were measured with the trait version of the State Trait Anxiety Inventory (Spielberger et al, 1983) . Perceived stress was measured with the Perceived Stress Scale (Cohen et al, 1983) . Harm avoidance, a trait characterized by worry, shyness, and tendency to fatigue, was measured with the Harm Avoidance subscale of the Temperament and Character Inventory (TCI; Cloninger et al, 1993) . Novelty seeking, a trait characterized by excitability and pursuit of novel/rewarding cues, impulsivity, and loss of temper, was measured with the Novelty Seeking subscale of the TCI. Smoking status was measured at baseline with the Fagerström Test for Nicotine Dependence (Heatherton, et al, 1991) .
Genotyping. Patients were genotyped to test for the OPRM1 gene polymorphism (Treutlein et al, 2009 ).
Statistical Analyses
Mplus Version 7.4 (Muthén and Muthén, 2012) was used to conduct all latent variable models. Missing data modeling using maximum likelihood estimation with robust standard errors was used to estimate the latent variable models and thus all available data were included in the analyses. SPSS Version 23 was used to conduct all other analyses.
Confirmatory factor analyses. We used confirmatory factor analyses (CFA) to test a latent variable model in which a reward drinking factor predicted the 15 reward items and a relief drinking factor predicted the 15 relief items (Supplementary Table 2 ). Model fit was evaluated by χ 2 , the root mean square error of approximation (RMSEAo0.09), and the comparative fit index (CFI40.97).
Factor mixture models. We utilized factor mixture models (FMM) to identify subgroups of individuals with distinct patterns of reward and relief drinking. FMM can be used to empirically derive subgroups of individuals who are similar with respect to underlying factor scores. We considered several indices when choosing the optimal FMM solution (Nylund et al, 2007) , as well as the parsimony and theoretical utility. Most likely subgroup assignment from the final solution was saved using the estimated posterior probabilities of subgroup membership.
Construct validity analyses.
We assessed the construct validity of subgroups by testing differences among the classes in gender, age, baseline days abstinent, AD severity, depressive symptoms, anxiety, perceived stress, age of onset of AD, harm avoidance, novelty seeking, genotype, and smoking status. We utilized one-way ANOVA and Tukey's HSD post hoc test.
Main effect of latent subgroups on drinking outcomes. We tested the main effect of subgroups using logistic regression for models predicting any heavy drinking and Cox proportional hazard regression models for predicting time to first heavy drinking episode.
Interaction between latent subgroups and treatment response analyses. We tested whether subgroup interacted with medication assignment in the prediction of any heavy drinking and time to first heavy drinking episode during treatment. Dummy-coded variables of subgroup assignment were created for the analyses. We also created dummy-coded variables for medication assignment (1 = active medication, 0 = placebo). Next, we created interaction terms by multiplying subgroup with the medication assignment. For each interaction model, we included the interaction terms, subgroup assignment, medication assignment, and several covariates as predictors of each of drinking outcome. Significant omnibus interaction effects (po0.05) were probed in subsequent simple slopes analyses.
In the main effects models and the interaction models, we included gender, age, AD severity, days abstinent before randomization, and smoking status as covariates. In addition, we ran sensitivity analyses by conducting the interaction models among participants who demonstrated medication compliance by adhering to at least 80% of their medication regimen (based on pill count, Mann et al, 2013) during treatment, and by controlling for additional covariates that were significantly different among the latent classes.
Clinical Application: Creating Subgroups Using Cutoffs of Observed IDS Scores
To increase the clinical utility of the subgroup analyses, we conducted supplementary analyses in which we identified reward drinkers in the sample based on observed scores for the IDS-30 reward and relief subscales (Appendix). The cutoffs were then used to create a binary 'reward drinker' moderator variable that was tested in interactional models.
RESULTS
Confirmatory Factor Analysis
A two-factor CFA, with reward and relief drinking factors, provided an adequate fit to the data (χ 2 (404) = 1053.49, po0.001; RMSEA = 0.061; CFI = 0.978). The internal consistency reliability was excellent (α = 0.96) for both factors. The correlation of the reward and relief factor was significant (r = 0.409, po0.001).
Factor Mixture Model
We chose a four-class FMM based on the collection of fit statistics supporting a four-class solution (Supplementary  Table 1 ), as well as the meaningful pattern of item response probabilities in the four-class solution (Supplementary Table  2 ) that demonstrated patterns of reward and relief drinking that were most closely linked to substantive theory (Verheul et al, 1999) . Item response probabilities were used to provide labels for each of the four latent classes, and latent class prevalences were examined to determine the proportion of the sample expected to be classified within each subgroup. Class 1, the 'all high subgroup,' was characterized by high frequency of endorsing both relief and reward drinking (prevalence = 0.28, n≈119). Class 2, the 'reward subgroup,' was characterized by high frequency of reward drinking and low frequency of relief drinking (prevalence = 0.26, n≈111). Class 3, the 'relief subgroup,' was characterized by high frequency of relief drinking and low frequency of reward drinking (prevalence = 0.27, n≈117). Class 4, the 'all low subgroup,' was characterized by low frequency of both relief and reward drinking (prevalence = 0.19, n≈79).
We also examined differences on the observed IDS reward and relief subscale scores (Table 1) . The all high subgroup had significantly higher reward and relief scores, the reward subgroup had significantly higher reward scores than the relief and all low subgroups, and the relief subgroup had significantly higher relief scores than the reward and the all low subgroups.
Construct Validity Analyses: Clinical and Genotyping Results
The construct validity analyses revealed statistically significant, theoretically consistent, and clinically meaningful differences among the four subgroups on relevant covariates (Table 1) . The reward subgroup exhibited relatively high novelty seeking, low harm avoidance, moderate dependence severity, and low depressive symptoms, perceived stress, and anxiety, as well as a higher proportion of men. The relief class exhibited higher harm avoidance, low novelty seeking, high dependence severity, and moderate to high scores for depressive symptoms, perceived stress, anxiety, and harm avoidance. There were no significant differences among the four subgroups in baseline days abstinent, OPRM1 G-allele genotype, current age, age of onset of AD, and smoking status (Table 1) .
Main Effect of Latent Class on Drinking Outcomes with Low Class as Reference Class
There were no main effects of reward and relief drinking subgroup on drinking outcomes. As compared to the all low subgroup, the all high subgroup did not significantly predict any heavy drinking or the time to first heavy drinking episode during treatment (p40.34) and the reward subgroup did not significantly predict any heavy drinking or time to first heavy drinking episode during treatment (p40.86). The relief subgroup did not significantly predict any heavy drinking or time to first heavy drinking episode during treatment (p40.24).
Interaction Between Classes and Medication Response
Consistent with our hypothesis, there was a significant interaction between the reward subgroup (with the all low subgroup as the reference group) and naltrexone in the prediction of any heavy drinking during treatment (Table 2) . However, when time to first heavy drinking episode was the end point the interaction between reward subgroup and naltrexone was not significant (B (SE) = − 1.30 (0.67), p = 0.053). Simple slope models (Table 3) indicated that in the reward subgroup, naltrexone (relative to placebo) significantly predicted an 83% decreased likelihood of any heavy drinking (B (SE) = − 1.77(0.69), OR = 0.17, p = 0.010, corresponding to a large effect size), indicating a positive treatment response to naltrexone in the reward subgroup. In the all low subgroup, naltrexone (relative to placebo) did not significantly predict any heavy drinking, indicating that naltrexone conferred no significant benefit over placebo for those in the all low subgroup. Counter to our hypothesis there was also a significant interaction between the reward subgroup (all low subgroup as reference group) and acamprosate in the prediction of any heavy drinking during treatment. However, simple slope analyses revealed this interaction was nonsignificant in the simple slopes model and largely driven by poor response to acamprosate among individuals in the all low subgroup instead of a better treatment response in the reward class.
These results were further tested by analyzing the subsample of medication compliers (at least an 80% adherence rate; n = 294) and by examining the effects of additional covariates (in addition to gender, age, severity, days abstinent, and smoking status). Among medication compliers, the interaction between naltrexone and the reward subgroup significantly predicted any heavy drinking (p = 0.03) and the interaction between acamprosate and the reward subgroup was not significant in the prediction of any heavy drinking (p = 0.11). Similarly, controlling for additional covariates, including depressive symptoms, trait anxiety, perceived stress, age of AD onset, harm avoidance, and novelty seeking, led to the same substantive pattern of results: there was a significant naltrexone-by-reward class interaction in the prediction of any heavy drinking (p = 0.04) and the acamprosate-by-reward class interaction was not significant (p = 0.07). Abbreviation: OR, odds ratio. *po0.05, **po0.01. Logistic regression was used for models predicting any heavy drinking and Cox proportional hazard regression for models predicting time to first heavy drinking episode.
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Clinical Application: Creating Subgroups Using Cutoffs of Observed IDS Scores
When using the cutoff criteria (Appendix) of the reward subscale score being higher than the relief subscale score and the reward subscale score being between 12 and 31 to identify reward drinkers (n = 148; 35%), there was a significant overall interaction effect between the reward subgroup and naltrexone in the prediction of any heavy drinking (po0.05) and a large effect of naltrexone vs placebo among reward drinkers (OR = 0.22).
DISCUSSION
Clinical criteria for the diagnosis of AD are diverse and result in heterogeneity in the clinical presentation of patients (Institute of Medicine, 1990) . Precision medicine tries to define more homogeneous subgroups of patients and match them with specifically tailored treatment (Kranzler and McKay, 2012) . On the basis of specific hypotheses (Clinical Trials registry NCT00317031), the PREDICT study was designed to test the basic assumptions of precision medicine in the treatment of AD patients. We had the first objective of examining the effects of naltrexone and acamprosate in the full sample (as reported in Mann et al, 2013) and also proposed a second objective to examine whether subgroups of patients would respond differentially to naltrexone and acamprosate (Mann et al, 2009) : 'reward drinkers' would benefit from naltrexone, whereas 'relief drinkers' would benefit from acamprosate. The current subgroup analyses of the PREDICT data tested the second objective of the PREDICT study to examine the a priori hypothesis regarding the differential efficacy of naltrexone for reward drinkers and acamprosate for relief drinkers. The 30-item version of the IDS (Annis et al, 1987) was used to identify subgroups of individuals with AD with distinct patterns of reward and relief drinking tendencies. We identified four latent reward/relief drinking subgroups: an all high subgroup; a reward subgroup (reward drinkers); a relief subgroup (relief drinkers); and an all low subgroup. Consistent with hypotheses, we found a significant interaction between the reward subgroup and naltrexone in the prediction of any heavy drinking during treatment. Reward drinkers who had been randomized to naltrexone had a lower likelihood of any heavy drinking during treatment (large effect size). Supplemental analyses confirmed that these findings were independent of a number of potential confounders, such as genotype (no significant allele frequency differences for the A118G polymorphism of the OPRM1 gene between the reward and relief drinking groups), and no differences on numerous other covariates that differentiated the subgroups (eg, AD severity, depression, stress, age, etc.). The same was true for smoking status, an important point since two recent papers reported that naltrexone may be particularly beneficial for alcohol dependent smokers. Large differences in smoking prevalences were reported in US studies (Fucito et al, 2012, reported 55% smokers and Schacht et al, 2017, reported 39 .7%) versus our study conducted in Germany (74.1%). We suggest that lower prevalence rates in the US indicate a more severe group of smokers that may respond better to naltrexone than samples with higher rates of smokers where naltrexone was not effective in the total sample. Moreover, to facilitate clinical application of the findings, we conducted supplementary analyses with a cutoff to identify reward drinkers based on total reward subscale score that is higher than their total relief subscale score and a total reward subscale score within the range of 12 and 31. When using this cutoff, 31% of the sample was classified as reward drinkers and there was a large effect of naltrexone on any heavy drinking in this subgroup. Hence, when it comes to identifying patients who respond well to naltrexone, knowing whether a person's reward tendencies are stronger than relief drinking tendencies appears to be essential, in addition to knowing the absolute level of reward drinking tendencies.
One key implication from the current study is naltrexone may be a particularly effective pharmacotherapy option in reward drinkers. This finding is consistent with our understanding of the mechanisms of action of naltrexone (Littleton, 1995; Myrick et al, 2008) and with previous studies that have demonstrated that naltrexone may be particularly effective for individuals with AD who have frequent drinkers in their social network (Worley et al, 2015) and who have elevated pre-treatment cue reactivity in the ventral striatum (Mann et al, 2014; Schacht et al, 2017) . Importantly, construct validity analyses supported the validity of the four reward/relief subgroups identified in this study. In line with theoretical notions about reward and relief drinkers, we found that relative to the relief subgroup, the reward subgroup had lower scores on AD severity, depressive symptoms, and harm avoidance, and higher scores on novelty seeking. Conversely, the relief subgroup showed higher values for trait anxiety, perceived stress, and severity items.
Counter to our hypotheses, we did not find an effect of acamprosate for the relief subgroup. Prior work (Roos et al, 2017) described a positive treatment response to acamprosate among relief drinkers in the COMBINE study. The discrepancy between the findings in the current study might be explained by the length of abstinence before randomization between COMBINE (in which 66% of the sample were abstinent only 1 week or less before randomization; Anton et al, 2006) and PREDICT where participants completed inpatient medical detoxification before randomization and had been abstinent for 22 days, on average, before entering the study. This difference in abstinence days before randomization in COMBINE and PREDICT is likely to have an impact on the glutamatergic neurotransmission and the effects of acamprosate for predominantly relief drinkers. Specifically, an important role of glutamate in the pathophysiology of alcoholism has long been known (Tsai and Coyle, 1998) . The glutamate hypothesis of acamprosate's mechanism of action posits that subjects in a hyperglutamatergic state are more likely to respond to a medication with anti-glutamatergic properties (Holmes et al, 2013) . Glutamate brain levels both in humans and rodents are elevated in withdrawal and normalize within a few weeks of abstinence (Hermann et al, 2012) . Therefore, a longer time span since the last drink in PREDICT, as compared to COMBINE, may be a disadvantage for the precision medicine hypothesis that acamprosate would work better for relief drinkers in PREDICT and may explain the disparate findings between the current study and prior work (Roos et al, 2017) .
Unexpectedly, for the reward subgroup, acamprosate (relative to placebo) predicted less likelihood of any heavy drinking during treatment (medium effect size), but this effect was not significant in simple slope models or the sensitivity models controlling for compliance and additional covariates. Thus, when considering medication compliance and other covariate predictors, acamprosate did not appear to differentially benefit reward drinkers.
Limitations
There are several limitations of the current study. The patients were treatment-seeking individuals with AD, thus the results from the current analysis might not generalize to a non-treatment-seeking population. The overlap of the reward and relief factors is also a limitation in that the reward subgroup also endorsed some relief temptation and the relief class endorsed some reward temptation, which replicates prior work (Glöckner-Rist et al, 2013; Roos et al, 2017) . It may be useful to develop subtypes that distinguish more clearly between reward and relief drinkers. Finally, patients were not randomized according to their status as a reward or relief drinker and we cannot fully exclude that an unknown factor associated with being a reward drinker predicted greater naltrexone response. Future studies should consider randomizing based on the reward subgroup selection criteria identified in the current study and evaluate whether naltrexone is more efficacious for this subgroup using this a priori definition of reward drinking.
CONCLUSION AND FUTURE DIRECTIONS
There are several ways of phenotyping to inform precision medicine. The current analysis used a person-centered, psychometric approach to identify patterns of individuals with similar responses on a relatively brief (30-item) selfreport questionnaire. The results indicate individuals with greater reward drinking tendencies than relief drinking tendencies and who have relatively high reward drinking tendencies may benefit the most from naltrexone treatment. To facilitate clinical application of the current findings, the appendix of this paper presents the items of the IDS-30 and provides instructions for how to score the IDS-30 and how to identify a person as a predominantly reward drinker.
The current analysis provides clinical support for the neurocircuitry of addiction as proposed by Koob and Volkow (2010) , specifically with respect to distinct types of drinkers that may be in the 'intoxication/binge drinking' stage (ie, reward drinkers) vs the 'withdrawal, negative affect' stage (ie, relief drinkers). Replication of the naltrexone by reward drinker interaction effect in a separate sample would provide greater confidence for our conclusions. Those studies could utilize the IDS-30 and the cutoff selection criteria used in this study for identifying reward drinkers. Further, examining the association between the reward and relief drinking and imaging of cue reactivity and stress reactivity could further substantiate the reward/relief phenotypes.
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